2 of trees and the ability of trees to support more than one nest. These results highlight that the 26 preservation of larger nest trees and the sustainable management of timber resources are 27 essential components for the conservation management of this species. We emphasise the 28 high importance of this colony and a nearby Long-billed Vulture Gyps indicus colony in this 29 area of Pakistan. Recommended conservation management actions include the continuation 30 of a Vulture Safe Zone established in 2012, measuring breeding success, assessing dispersal 31 and determining the impact of mortality on these populations. 32
Introduction 34
35
Population declines of Gyps vulture species across south Asia have been well-documented 36 since they were first reported in 1999 (Prakash 1999; Prakash et al. 2003; Gilbert et al. 2006) . 37
As a result of these declines, the Oriental White-backed Vulture Gyps bengalensis, billed Vulture Gyps indicus and the Slender-billed Vulture Gyps tenuirostris are all listed as 39
Critically Endangered (IUCN 2013) . 40
The primary cause of these declines was the ingestion by vultures of livestock carcasses 41 that had been recently treated with non-steroidal anti-inflammatory drugs (NSAIDs), 42 principally diclofenac (Oaks et al. 2004; Green et al. 2004) . Since the identification of 43 NSAIDs as the primary cause of vulture declines in south Asia, a range of conservation 44 efforts have focused on the recovery of vulture populations. These have included the banning 45 of veterinary diclofenac (Pain et al. 2008) , the establishment of conservation breeding centres 46 (Murn et al. 2008; Bowden et al. 2012) , the identification of safe alternative veterinary drugs 47 (Swarup et al. 2007 ), efforts to remove diclofenac from the environment (Swan et al. 2006; 48 Cuthbert et al. 2011 ) and the establishment of Vulture Safe Zones (Chaudhary et al. 2012) , 49 which provide 'safe' food for vultures in designated areas and also use advocacy and 50 There is evidence that these conservation efforts are beginning to be successful, with residues 52 of diclofenac in livestock carcasses having fallen in some areas (Cuthbert et al. 2011) . As a 53 result, the rate of population decline for Oriental White-backed Vultures has slowed, and for 54 Long-billed Vultures, reversed (Prakash et al. 2012; Chaudhry et al. 2012). 55 In Pakistan, the Oriental White-backed Vulture has been monitored extensively in some 56 areas, particularly Punjab Province (Gilbert et al. 2006; Gilbert et al. 2007; Arshad et al. 57 2009 Nests were located by thorough searches of the study area, by following flying birds to their 84 roost locations in a 4x4 vehicle at the end of each day and by paying particular attention to 85 areas with larger trees. Local residents were questioned for information about the locations of 86 vulture nests or roosts. For roost sites that were located, numbers of birds were counted on 87 four occasions during the annual survey visits. The number of roosting birds was counted 88 between 15h00 and 18h00 and then again early the following morning at the same roost site. 89
All positions were logged using a hand-held GPS. Nests were recorded as occupied if adults 90 were in attendance or a chick was in the nest, but measures of breeding productivity were not 91 possible because the survey was conducted only once each breeding season. Nest trees were 92 identified with spray-painted numbers to avoid double-counting and for inter-year reference. 93
The height of each nest tree was estimated by eye. 94
Nest density (nests km -2 ) was calculated each year by dividing the number of nests by their 95 spatial extent (km 2 ), which was determined as the area of a polygon containing all occupied 96 nests. Oriental White-backed Vultures nest in colonies (Roberts 1991) and clusters of nests 97 are a feature of the species (BirdLife International 2001). To assess the spatial pattern of nests 98 and its change between years we calculated the mean nearest-neighbour distance (NND) 99 between all nests each year. However, because more than one breeding pair of White-backed 100 Vultures can nest in the same tree, we calculated two nearest-neighbour metrics: (a) the 101 distance between trees with nests (tree-NND), and (b) the distance between nests (nest-102 NND), using a pre-determined 3 m NND for nests in the same tree. 103
Mean NND (tree or nest) on its own is insufficient to describe differences between spatial 104 point patterns because two point patterns with different characteristics might have the same 105 mean NND. To assess the degree of clustering we calculated the ratio of the geometric mean 106 (GMR) to the arithmetic mean of the squared NND (Brown and Rothery 1993; Murn et al. 107 2013) . The maximum value for this statistic (GMR) is unity, where all NNDs are equal. 108
Complete spatial randomness occurs at GMR = 0.5, whilst the minimum GMR value is 109 unbounded. Therefore, increasingly smaller GMR values represent spatial patterns of nests 110 with tighter clustering. We chose this metric because the spatial extent of the nests was 111 discrete and as a result, there were no outlier nests that would have disproportionately 112 affected the GMR. Similarly, the discrete spatial extent of the nests negated the need to 113 account for edge effects -the existence of unknown nests marginally outside the study area -114 when measuring nearest-neighbour distances because the colony nests were the only nests in 115 the entire study area. We expected mean values for tree-NND and nest-NND to reflect 116 density, such that mean NND would decrease with increasing density and vice versa, but we 117 held no a priori assumptions about the degree of nest clustering in relation to nest numbers or 118 density. 119 NND data were transformed where necessary to stabilise variance and checked with 120
Anderson-Darling tests, after which one way ANOVA was used for comparison of NNDs 121 between years. Data that did not conform to parametric assumptions after transformation 122 were subject to Kruskal-Wallis tests. Homogeneity of variance in sample ranks was checked 123
with Levene's test. Tests were performed in Minitab 16. 124 The number of recorded nests increased each year and tripled during the study period (Table  139 1). The marked reduction in density from 2012 to 2013, despite a 40% increase in the number 140 of active nests, reflects the spatial expansion of the colony (Figure 2 ). The number of trees 141 containing more than one nest increased rapidly from 10.5% of trees in 2011 to 23.5% of 142 trees in 2014, but despite the tree containing seven nests, the mean number of nests per multi-143 nest tree remained near 2.5 each year (mean = 2.55 nests tree -1 , range = 2.4 -2.75) . 144
145 Table 1  146   147 The two nearest-neighbour metrics revealed different aspects of the growth of the colony, and 148 neither was correlated with colony area or nest density. Mean tree-NND increased each year 149
and was significantly different between years (One-way ANOVA F 3,87 = 2.81, P = 0.04), 150 Wallis H = 11.92, P = 0.008), which is most likely a function of the increasing number of 152 trees with multiple nests. Across all years mean tree-NND was 230 m (±SE 28 m) and mean 153 nest-NND was 110 m (±SE 20 m). 154
In each year, the spatial pattern of trees with nests was clustered (GMR < 0.25). But 155 despite increasing numbers of nests, increasing mean tree-NND and decreasing density, the 156 GMR for nest trees remained in the region of 0.20 between 2012 and 2014 ( Figure 3 The nest densities in 2011 and 2012 (Table 1) are comparable with and slightly higher than 178 pre-decline (1980s) densities of 12.2 nests km -2 recorded in Keoladeo National Park, India 179 (Prakash and Rahmani 1999), higher than pre-decline densities of 2.5 -5 nests km -2 reported 180 from coastal mangrove areas of southern Bangladesh (Sarker 1987) and approaching the 181 higher densities of 15 nests km -2 reported for Changa Manga forestry plantation in Punjab 182
Province near Lahore (Gilbert et al. 2002) . This last population was experiencing rapid 183 decline from diclofenac poisoning during the monitoring period (Gilbert et al. 2006) , and so 184 nest densities could have been lower than a potential maximum. Apart from differences in 185 habitat (arid Nagarparkar, wetland-dominated Keoladeo, coastal mangroves Sundarbans and 186 forest plantation Changa Manga), the manner in which spatial extent of the breeding areas 187 was calculated and the availability of trees in each study area may provide another 188 explanation for these variations in nest density. Regardless of the reasons for this variation, 189 the nest densities found in our study are within the range of densities reported for a number of 190 different locations prior to, and during, the decline of south Asian vulture populations 191 (Prakash and Rahmani 1999 , Sarker 1987 , Gilbert et al. 2002 . However, none of these 192 densities even remotely approaches historical accounts for this species of 'up to 15 nests in 193 one tree' and 100 nests in a 250m diameter circle (Hume and Oates 1889-1890), although 194 Roberts (1991) describes up to six nests occurring in one tree. 195
Despite an increasing mean tree-NND each year and a moderate level of nest tree 196 clustering (Figure 3 Vultures is significantly higher (T = 6.85, P < 0.001) than the Oriental White-backed 209
Vultures in this study, the African species still shows a tendency for clustered nest trees 210 ( Figure 3) . Given that a tightly-clustered pattern (GMR ~ 0.01) of Oriental White-backed 211
Vulture nests can occur in nest trees that are moderately clustered (GMR ~ 0.20), it is likely 212 that the colonial-nesting and clustering tendencies of this species reflect the sufficient 213 availability of trees large enough to support multiple nests. Although not all trees in a colony 214 will be large enough or of suitable canopy structure to accommodate more than one nest, a 215 characteristic spatial arrangement (i.e. clustering) of nests may occur at a threshold that is 216 related to the availability of suitable trees. For example, Satheesan (1995) reported large (pre-217 decline) numbers of roosting Oriental White-backed Vultures on very large trees in Agra 218 City, India, but did not record any more than three nests in one tree in the same area. Despite not being able to assess breeding productivity we do consider that, given the 228 limitations of an annual survey, the number of nests recorded each year was representative of 229 the breeding colony size for two reasons. Firstly, the number of inactive nests was low, 230
suggesting that the number of breeding pairs that started a breeding attempt and failed is also 231 low. Secondly, the survey dates of January to April each year covered the main part of the 232 breeding season; most breeding pairs that did make an attempt would have made nests and 233 been incubating, whilst early breeders would still be either in late stage incubation or with a 234 chick in the nest. 235
Although it is encouraging that the number of recorded nests has tripled since 2011, this is 236 tempered with a slowing of the rate at which the colony is growing (Table 1) their fourth year, the increase in the breeding population observed in our study has almost 242 certainly been enhanced by immigration, as the demographics of such a small population with 243 this length of generation time do not support the observed rapid increase in the number of 244 nests. It is also possible however, that following the 2006 ban on veterinary diclofenac, there 245 has been an increasing rate of survival to maturity for age cohorts hatched post-2006, and that 246 these birds are the source of the additional birds. 247
Secondly, the risks and effects of mortality (such as NSAID poisoning) need to be 248 assessed. Although a number of dead birds were found without a concerted search effort, four 249 of the nine birds were of pre-fledging or recently-fledged age, and high mortality in this age 250 (Mundy et al. 1992) . The five dead adults that were found 251 offer more cause for concern, as adult survival is one of the most sensitive demographic 252 parameters for vultures (Oro et al. 2008 , Margalida et al. 2014 360 Murn, C., Combrink, L., Ronaldson, G. S., Thompson, C. & Botha, A. (2013) . Population estimates of three 361 vulture species in Kruger National Park, South Africa. Ostrich 84: 1-9.
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